Human telomeres consist of tandem arrays of TTAGGG sequence repeats that are specifically bound by two proteins, TRF1 and TRF2. They bind to DNA as preformed homodimers and have the same architecture in which the DNA-binding domains (Dbds) form independent structural units. Despite these similarities, TRF1 and TRF2 have different functions at telomeres. The X-ray crystal structures of both TRF1-and TRF2-Dbds in complex with telomeric DNA (2.0 and 1.8 Å resolution, respectively) show that they recognize the same TAGGGTT binding site by means of homeodomains, as does the yeast telomeric protein Rap1p. Two of the three G-C base pairs that characterize telomeric repeats are recognized specifically and an unusually large number of water molecules mediate protein-DNA interactions. The binding of the TRF2-Dbd to the DNA double helix shows no distortions that would account for the promotion of t-loops in which TRF2 has been implicated.
INTRODUCTION
Telomeres are specialized nucleoprotein complexes that protect the ends of linear eukaryotic chromosomes from degradation and from being recognized as double-stranded breaks (de Lange, 2002) . Human telomeres contain 7-20 kilobase pairs (kbp) of tandem arrays of double-stranded TTAGGG repeats that are packaged into nucleosomes (Tommerup et al, 1994; Lejnine et al, 1995; Nikitina & Woodcock, 2004) and bound sequence specifically by two DNA-binding proteins, TRF1 and TRF2 (Broccoli et al, 1997) . These two proteins are essential for the maintenance of functional telomeres. TRF2, in particular, has been implicated in the formation of a telomeric higher order structure, the t-loop (reviewed in de Lange, 2002; Smogorzewska & De Lange, 2004) .
TRF1 and TRF2 bind to DNA as preformed homodimers (Bianchi et al, 1997 Broccoli et al, 1997) . They have the same architecture defined by two conserved sequence motifs (Fig 1) : (i) an amino-terminally located TRFH domain that mediates homodimerization in both proteins (Broccoli et al, 1997; Li et al, 2000) , and has the same all a-helical structure (Fairall et al, 2001) , and (ii) a carboxy-terminal DNA-binding domain (Dbd), originally identified through its sequence similarity to the Myb DNA-binding motif (Kanei-Ishii et al, 1990; Bilaud et al, 1996 Bilaud et al, , 1997 Broccoli et al, 1997; Konig & Rhodes, 1997) . This was later confirmed by the NMR structure of TRF1-Dbd (Nishikawa et al, 1998) . Proteolysis studies on both proteins showed that the regions of sequence conservation between the two proteins (Fig 1) correspond to structured domains connected by highly proteasesensitive regions (Fairall et al, 2001; L.F. & M. O' Reilly, unpublished observations) , precluding structural analysis of the full-length dimeric proteins. In both proteins, the Dbds are joined to their dimerization domains by means of very long linkers (about 100 amino acids in TRF1 and 150 amino acids in TRF2), which appear to have no inherent structure (Rhodes et al, 2002; Fig 1) . This information, together with DNA-binding studies showing that full-length TRF1 can bind with an astonishing spatial flexibility , strongly suggests that in vitro the two Dbds bind to DNA essentially independently of the rest of the protein (Konig et al, 1998; Bianchi et al, 1999; Rhodes et al, 2002) . However, in vivo, both Dbds seem to be required for the accumulation of the TRFs at telomeres (van Steensel & de Lange, 1997; van Steensel et al, 1998; reviewed in de Lange, 2002) .
Despite the similarities in sequence and architecture, the two TRFs have different functions at telomeres. TRF1 is a negative regulator of telomere length: overexpression of TRF1 leads to telomere shortening and that of a dominant-negative mutant to telomere elongation (van Steensel & de Lange, 1997) . In contrast, although TRF2 is also involved in telomere length regulation (Smogorzewska et al, 2000) , its crucial role is in capping and protection of chromosome ends (Ancelin et al, 1998; reviewed in de Lange, 2002) . Expression of a dominant-negative mutant of TRF2 results in cells responding as if the telomeric ends are DNA breaks, leading to degradation of the single-stranded overhangs, ligation of chromosome ends and activation of the ATM/p53 damage response pathway (van Steensel et al, 1998; Karlseder et al, 1999) . Despite their extensive homology, TRF1 and TRF2 do not heterodimerize (Broccoli et al, 1997; Fairall et al, 2001) , and seem to form different complexes at telomeres. TRF1 is in a complex containing TIN2, Tankyrase 1 and 2, PINX1, Pot1 (reviewed in Smogorzewska & De Lange, 2004) and PTOP/PIP1 (Liu et al, 2004; Ye et al, 2004) , whereas TRF2 interacts with RAP1, the Rad50/MRE11/NBS complex, the DNA-PK/Ku70/Ku80 complex (reviewed in de Lange, 2002) and also TIN2 (Kim et al, 2004) .
Besides the role of TRF1 and TRF2 in binding directly to double-stranded telomeric DNA repeats and thereby mediating the recruitment of different factors to telomeres, TRF2 has an additional 'structural' function at telomeres. From in vitro electron microscopy studies, it has been proposed that TRF2 itself has the ability to remodel telomeric DNA into t-loops (Stansel et al, 2001 ), a telomere fold-back structure first observed from in vivo crosslinking experiments . In this structure, the 3 0 telomeric end is buried through invasion of the doublestranded telomeric repeats, thus providing an elegant way of capping chromosomes reviewed in de Lange, 2004) . We wanted to understand whether there are differences in the DNA-binding properties of TRF1 and TRF2 that could account for any differences in their function. Therefore, we determined the crystal structures of the Dbds of both TRF1 and TRF2 in complex with their double-stranded telomeric DNA sites.
RESULTS AND DISCUSSION TRF1 and TRF2 bind DNA by means of homeodomains
The crystal structures of the Dbds of both TRF1 and TRF2 in complex with a human telomeric DNA fragment were solved independently, to 2.0 and 1.8 Å resolution, respectively, using multiple isomorphous replacement methods (supplementary Tables 1 and 2 online) . The oligonucleotides present in the two complexes contain two and a half TTAGGG repeats that constitute the binding site for two Dbds, as defined from comparison of footprints of full-length dimeric proteins and their isolated Dbds (Konig et al, 1998; Bianchi et al, 1999) . So in the structure of each complex, two Dbds are bound to two adjacent TAGGGTT binding sites, mimicking the binding of the full-length dimeric proteins on telomeric DNA. Overall, the structures of the two complexes are very similar and differ only in detail. As illustrated by the TRF2-Dbd-DNA complex (Fig 2) , the two Dbds are bound on the DNA with a 6 bp spacing, or 205 1 rotation, and hence are located on almost opposite faces of the DNA double helix.
The TRF1-and TRF2-Dbds consist of three-helix bundles, in which the second and third a-helices form a 'helix-turn-helix' motif. Superposition of the two structures shows that they are very similar with an r.m.s.d. of 0.47 Å . Helix 3, the DNA-recognition helix, makes base-specific contacts in the DNA major groove. In addition, an N-terminal arm is inserted into the minor groove, where it makes specific contacts (Fig 2) . The N-terminal arm classifies the Dbds as homeodomains, rather than Myb motifs, which are also three-helix bundles but lack the N-terminal arm (Ogata et al, 1992) . The effect of the N-terminal arm is to extend the DNA-binding interface adding specificity and affinity. These structures confirm that telomeric proteins use homeodomains for double-stranded telomeric DNA recognition, as first observed in the crystal structure of the budding yeast ScRap1p in complex with telomeric DNA (Konig et al, 1996) .
Protein-DNA recognition involves many water molecules TRF1 and TRF2 bind to telomeric DNA by making essentially the same contacts (Figs 3, 4) , consistent with the observation that the two Dbds bind with almost the same 10 À9 M affinity to the DNA Telomeric DNA recognition by hTRF1 and hTRF2 R. Court et al oligonucleotides used in the crystal structures (Konig et al, 1998 ; data not shown). Both TRF1 and TRF2 contact the same 7 bp TAGGGTT binding site (Fig 3A) . Specificity in DNA recognition is achieved by several direct contacts from amino-acid side chains to the DNA and, interestingly, an extensive network of indirect water-mediated contacts. In each complex, the two Dbds dock onto the DNA through direct contacts to the ribose phosphate backbone on both sides of the major groove by residues from helix 2 and the N-terminal arm. These contacts orient the Dbd such that the DNA recognition helix enters the DNA major groove making sequence-specific hydrogen bonds to the G-C base-pair triplet of the binding site. The interactions of the DNA-recognition helix are identical for the two proteins (Fig 3B) . In each case, a lysine side chain makes a bifurcated hydrogen bond and an arginine side chain makes two hydrogen bonds to two adjacent guanines (K421 and R425 in TRF1 and K488 and R492 in TRF2 to G4 and G5) , and an aspartic acid makes a direct hydrogen bond to a cytosine on the opposite strand. Helix 2 contacts the DNA backbone slightly differently in the two complexes because the two proteins have different amino acids in equivalent positions: in TRF1, the side chain of S404 contacts O2 of the T2 phosphate in the G-rich strand, whereas in TRF2, the main chain of A471 contacts O1 of the equivalent phosphate group. In both TRF1 and TRF2, the N-terminal arm crosses the ribose phosphate backbone, allowing Q381 and W383 in TRF1 and Q448 and W450 in TRF2 to make conserved contacts to the C6 0 and A7 0 phosphates, respectively, thus fixing the orientation of the N-terminal arm. The basic side chain of the preceding residue is inserted into the minor groove contacting two A-T base pairs, but this interaction varies between TRF1 and TRF2 and also between different Dbds in the same complex, due to alternative side-chain orientations (Fig 3A) .
In addition to the direct contacts described above, watermediated contacts have an important role in the recognition of telomeric DNA repeats by TRF1 and TRF2. The assignment of water molecules and their role at the protein-DNA interface was made possible by the high resolution of the two crystal structures. Although there are about twice as many ordered water molecules in the TRF2 than in the TRF1 complex, there is a set of 12 water molecules that occupy conserved positions (less than 1 Å apart after superposition of the DNA molecules) in the major groove of the DNA in the two structures. These water molecules form two complex spines of hydration on either side of the DNArecognition helix, mediating additional hydrogen bond interactions between the protein and DNA. For instance, Arg 425 in TRF1 and Arg 492 in TRF2, both of which make two direct hydrogen bonds to G5, contact two other bases (C6 0 and A7 0 ) through water molecules, increasing both the specificity and affinity of DNA recognition. Other residues in the DNA-recognition helix make similar direct and indirect contacts, whereas some residues make only water-mediated contacts (Fig 4B) . The conservation of the water structure in the two complexes suggests that the TRF proteins recognize the hydrated DNA structure rather than the DNA sequence per se.
Comparison between the NMR and crystal structures
Comparison of the crystal structure of the TRF1-Dbd-DNA complex with the NMR structure determined previously (Nishikawa et al, 2001) shows that overall they are very similar with an r.m.s.d. of 1.31 Å . However, there are several significant differences that are likely to arise from differences in the two structural methodologies used. The major and most significant difference is the observation in the crystal structure of a highly ordered network of water molecules at the protein-DNA interface, which contribute to the specificity and affinity of protein binding. This feature is totally absent from the NMR structure, preventing a full description of the protein-DNA interface and hence a full understanding of how the human telomeric proteins recognize DNA. There are also some differences in detail. Lys 421, which in both crystal structures is well ordered with a low temperature factor and makes an important bifurcated hydrogen bond to G4, has several conformations in the NMR structure. Furthermore, in the NMR structure, Ser 417 and Asp 422 make direct phosphate contacts, whereas in the crystal structure these contacts are water mediated.
DNA conformation in the TRF1 and TRF2 complexes
We analysed the DNA conformation in the TRF1-and TRF2-Dbd complexes to discover whether (i) there were any distortions caused by TRF2-Dbd binding that would give insight into t-loop formation (Stansel et al, 2001 ) and (ii) the TRFs could bind in a nucleosome context (Tommerup et al, 1994; Nikitina & Woodcock, 2004) . The DNA double helix in the two complexes is essentially straight with an average helical twist very close to that of B-form DNA, and there are no obvious features in the binding of TRF2-Dbd that differentiate it from that of TRF1. However, in Telomeric DNA recognition by hTRF1 and hTRF2 R. Court et al both complexes, there are subtle changes in the DNA groove widths: there is an opening of the major groove and a corresponding narrowing of the minor groove over the G-C base-pair triplet caused by protein binding. In contrast, the flanking A-T-rich sequences are distorted in the opposite direction, resulting in an unusually wide minor groove (Fig 5) . First, this observation bears on the previous report that TRF2 alone can mediate t-loop formation in vitro (Stansel et al, 2001) . In this study, using electron microscopy analysis, full-length TRF2 was observed to bind at the t-loop junction where it forms large aggregates, suggesting that TRF2 binding/oligomerization was sufficient for t-loop formation. However, the oligomerization state of the protein was not characterized biochemically (Stansel et al, 2001) . T-loop formation requires both bending of the DNA and insertion of the single-stranded telomeric end into the doublestranded telomeric DNA (Griffith et al, 1999) . The structure presented here shows that there are no DNA-binding characteristics of TRF2-Dbd that could account for t-loop formation, as the Dbd is a classical double-stranded binding domain and has no ability to untwist or bend the DNA. We believe that the lack of 'remodelling' activity is likely to hold true for the fulllength dimeric TRF2. This conclusion, in addition to the direct structural information on both the Dbd of TRF2 and its dimerization domain (Fairall et al, 2001) , is on the basis of a comparison of the results of gel filtration, proteolysis and chemical crosslinking studies on full-length TRF2 and TRF1 (Fairall et al, 2001 ; L.F., M. O' Reilly & L.C., unpublished observations). Proteolysis studies show that in the case of both TRF1 and TRF2, the Dbds are joined to the dimerization domains through long unstructured linkers (Fig 1) . Consistent with this observation, both proteins have gel filtration migrations much larger than their actual molecular mass. The TRF1 dimer has a molecular mass of Telomeric DNA recognition by hTRF1 and hTRF2 R. Court et al 100 kDa and migrates as 220 kDa and TRF2 dimer has a molecular mass of 110 kDa and migrates as 270 kDa, but it has a longer linker than TRF1 (Fig 1) . Crosslinking data show that both proteins are primarily dimeric in solution in the absence of DNA. Therefore, we conclude that TRF2 has the same flexible structure as its sister TRF1, in which the two Dbds in the full-length dimeric protein are known be unconstrained and bind to DNA in the same way as the isolated Dbds . The second conclusion from the structures is that the spatial arrangement of the two Dbds on opposite faces of the DNA double helix (Fig 2) , as well as the observed changes in minor and major DNA groove width resulting from TRF binding (Fig 5) , would exclude nucleosome formation (Satchwell et al, 1986) . Instead, if TRF1 and TRF2 are bound within nucleosome-containing t-loops or linear telomeric chromatin (Nikitina & Woodcock, 2004) , they are likely to do so on the naked telomeric DNA repeats located between nucleosomes.
CONCLUSIONS
The structures that we have presented here of the Dbds of TRF1 and TRF2 in complex with telomeric DNA repeats show that double-stranded telomeric DNA recognition occurs through homeodomains and is conserved between yeast and man. The specificity in recognition arises from direct contacts with the Telomeric DNA recognition by hTRF1 and hTRF2 R. Court et al cluster of Gs, typical of telomeric repeats. TRF2-Dbd binds to double-stranded DNA without causing major distortions or untwisting of the DNA double helix, suggesting that its DNAbinding activity per se is unlikely to be involved in the remodelling of telomeric DNA into t-loops.
METHODS
Protein expression and purification. TRF1-Dbd (residues 371-439) was cloned into pET13a vector, overexpressed in Rosetta (DE3) cells (Novagen, Merck Biosciences, Nottingham, UK) and purified by chromatography on a Source 30S Sepharose column (Pharmacia). TRF2-Dbd (residues 441-500) was expressed as a His 6 -tagged protein cloned into a modified pET30a vector with a TEV cleavage site, overexpressed in Rosetta (DE3) cells and purified using Ni-NTA resin (Qiagen Ltd, Crawley, UK). Following TEV cleavage, the tag was removed by reapplying the cleaved protein to Ni-NTA resin. The final chromatography step for both proteins was on a Superdex 200 column (Amersham Biosciences UK, Chalfont St Giles, UK). Crystallization and data collection. Protein-DNA complexes were produced by estimating stoichiometries from gel mobility shift assays. Hanging-drop crystallization trials were performed with several different double-stranded oligonucleotides. The oligonucleotides producing crystals that diffracted to high resolution are shown in Fig 1. These oligonucleotides contained two binding sites for the Dbds and form pseudo-continuous DNA helices in the crystal lattice. The TRF1-Dbd-DNA crystals were grown in a buffer containing 50 mM MES pH 6.0, 0.1 M KCl, 2 mM MgCl 2 and 10% PEG 400. The TRF2-Dbd-DNA crystals were grown in a buffer containing 50 mM MES pH 6.0, 5 mM MgOAc 2 , 1 mM spermine and 2 M NH 4 SO 4 . Derivatives were produced by substituting thymines in the DNA sites with 5-iodouridine (supplementary Table 1 online). X-ray data were collected at 21 1C and 100 K. The crystals were cryo-protected using 1.1 Â mother liquor and 20 and 15% glycerol for TRF1 and TRF2, respectively. Native and derivative data sets were collected inhouse using standard X-ray generators, and the high-resolution native data sets were collected at station ID14.1 at ESRF, Grenoble. Data processing, model building and refinement. All data were integrated using MOSFLM (Leslie, 1992) and scaled using SCALA (CCP4, 1994; supplementary Tables 1 and 2 online) . Heavy atom positions were found using Solve (Terwilliger & Berendzen, 1999) and refined in autoSHARP (La Fortelle et al, 1997) . Density modification using Solomon (Abrahams & Leslie, 1996) was implemented in autoSHARP. Maps were generated from auto-SHARP output files using Mapman (Kleywegt & Jones, 1996) and visualized in the program O (Jones et al, 1991) . Starting models were based on the solution structure of TRF1-Dbd-DNA complex (Nishikawa et al, 2001 ) and all refinements carried out with CNS (Brunger et al, 1998) , using high-resolution synchrotron data from native crystals, with manual rebuilding in O (supplementary Table 2 online). Supplementary information is available at EMBO reports online (http://www.emboreports.org). Telomeric DNA recognition by hTRF1 and hTRF2 R. Court et al
